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Abstract--Using an efficient algorithm we have carried out extensive studies of the local distributions of 
significant stem-loop structures around the 3' termini of histone, U-snRNA and globin precursor mRNAs. 
We have analyzed statistically about 320 distribution curves from 47 species of histone, 16 species of 
U-snRNA and 22 globin sequences. Our results how that there are common and significant stem-loop 
structures near the 3' ends of histone mRNAs of vertebrates and invertebrates. One of these structures 
encompasses both of the features known to be essential for 3' processing: the palindrome and the 
CAAGAAAGA consensus sequence. Such stem-loop structures are not found in the 3' termini of yeast 
and wheat histones, in globin precursor mRNAs or near the 3' end of U-snRNA of vertebrates. These 
results are consistent with recent experimental data, in which the terminal stem-loop structure and the 
CAAGAAAGA spacer within the histone pre-mRNAs are required absolutely for RNA processing. For 
globin pre-mRNAs a common secondary structure appears to recur approx. 40 bases downstream from 
the conserved AAUAAA motif. This is also in agreement with experimental data which shows that the 
sequence downstream of the polyadenylation site is important for 3' end formation. Our results are also 
compatible with the suggestion that the 3' ends of historic and U-snRNA may be generated by related, 
but distinct, RNA processing mechanisms. 
INTRODUCTION 
Genes for both histones and U-snRNAs are transcribed by RNA polymerase II to generally ield 
non-polyadenylated products [1, 2]. It has been suggested that the 3' ends of both histones and 
U-snRNAs may be generated by related, but distinct, RNA processing mechanisms [3]. Recently, 
Birchmeier et al. [4] and Krieg and Melton [5] proposed that the 3' termini of mature histone 
mRNAs are generated by post-transcriptional processing involving endonucleolytic cleavage of a 
longer precursor. In most histone genes studied to date, the 3' termini of the mRNA coding 
sequences are flanked by two conserved sequence blocks, the terminal palindrome and the 
downstream purine-rich sequence G(A)AAAGA [6]. Although the secondary structure proposed 
for U2-snRNA [7] also has a 3' terminal stem and loop, there are indications that this structure 
is not required for pre-U2 3' end formation [3]. Unlike the historic genes of higher eukaryotes [8, 9], 
histone mRNAs in yeast [10], tetrahymena [11] and the H5 mRNAs of vertebrates [12] lack the 
conserved terminal stem and loop. They are considered as polyadenylated like those of higher 
eukaryote pre-mRNAs with the AAUAAA motif in the 3' end. Globin pre-mRNAs have highly 
conserved AAUAAA hexanucleotide which can be polyadenylated in the cytoplasm. Globin 3' 
RNA processing involves an endonucleolytic cut in the pre-mRNA and as soon as the 3' ends of 
the mRNA become available a poly(A) tail is added. Several recent studies [13-19] have suggested 
that the efficient processing of the 3' end requires a sequence downstream from the AAUAAA 
motif. 
In this paper we calculate the distribution of stem-loop structures in the 3' terminal and 3' 
flanking regions of 47 histones, 16 U-snRNAs and 22 globin precursor mRNAs using a recently 
improved and vectorized secondary structure algorithm optimized for the Cray-XMP. In the 
calculations the minimal free energies of local "optimal" secondary structures for the biological 
sequences have been extensively compared with those carried out for random sequences. Thus, the 
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statistical significance of the local "optimal" structures can be assessed using the Monte Carlo 
method. These local distributions of the significant secondary structures are then analyzed further. 
Our results show differences between the histones, globins and the U-snRNAs. Moreover, the 
histone groups are not homogeneous either. The plant histones (wheat, yeast and neurospora 
crassa) differ from the vertebrate and invertebrate ones. Examination of the distributions of the 
locally significant secondary structures in the region of about 180 nucleotides surrounding the 3' 
termini of the histones in the higher eukaryotes hows that the only consistently recurring 
stem-loop structures are those noted above. In globin pre-mRNAs a common stem-loop structure 
occurs about 40 bases of sequence downstream from the conserved AAUAAA hexa- 
nucleotide. 
METHOD 
The analyzed RNA sequences are derived from the available genomic DNA sequences compiled 
in GenBank. The sequences are grouped into six classes: vertebrate histones (19 species), 
invertebrate histones (15 species); plant histones (13 species); vertebrate (12 species); invertebrate 
(4 species) U-snRNAs; and 22 species of globin (see Table 1). These sequences are aligned by their 
mRNA 3' ends as noted in GenBank. Those sequences whose mRNA 3' ends are not annotated 
in the data base were compared [20] with corresponding sequences ofthe same species whose 3' ends 
are known. Thus, the putative 3' end is determined by optimal alignment. The 3' ends are assigned 
position 0. A span is specified, i.e. from -80  to + 100 (i.e. from 80 nucleotides upstream to 100 
downstream of the 3' ends). If the 3' non-coding sequences present in GenBank are not long 
enough, we use the maximum span available (Table 1). 
The distributions of locally significant secondary structures in the sequences surrounding the 
mRNA 3' termini are computed using a new random shuffling method on the Cray-XMP system. 
The significance of local "optimal" secondary structures i assessed by the Monte Carlo method. 
In this approach we compute the minimal free energies of secondary structures for successive, 
overlapping segments (windows) along the RNA sequences. The minimal free energies of the 
secondary structures are also computed for each random sequence window. In the random 
sequences each window is created by shuffling the bases of the corresponding window in the 
biological sequence a predetermined number of times. All randomized and actual biological 
sequences are folded using a vectorized version (unpublished data) of the FOLD program [21]. The 
average free energies and the standard eviation (SD) of the random sequences are computed. The 
"score" (the Y-axis in the figures) is the difference between the free energy of the actual biological 
sequence and the mean of the randomized sequence, divided by the SD. The lower the score, the 
more significant is the local secondary structure. The overlapping segment is shifted by one 
nucleotide at a time along the RNA sequence and the above process is repeated. 
In order to estimate the significance of the distributions of the non-random secondary structures 
around the pre-mRNA 3' ends, the distribution curves for the six classes have been analyzed 
statistically using the SAS programs [22]. 
RESULTS 
The distributions of potentially significant secondary structures around the Y ends of 47 histones, 
16 U-snRNAs and 22 globin pre-mRNAs have been analyzed. The map in which the score is 
plotted against he position of the first base in the segment along each sequence is not shown here. 
With the analyzed random sequences, ix subsets including about 320 distribution curves of score 
vs position have been studied. 
Figures 1 and 2 present he obtained average scores of the secondary structures occurring near 
the mRNA 3' termini and 3' flanking regions of 19 vertebrate and 15 invertebrate histones. The 
distributions of the secondary structures are presented for several window sizes. For the vertebrate 
histones, the minimum is sharpest for window sizes of 16 nucleotides [Fig.l(a)] and gradually 
widens at larger window sizes [Figs l(b, c)]. Figure l(c) shows a minimum at 26-32 nucleotides 
upstream from the 3' end. This suggests that a conserved structure ncompassing both features 
known to be essential for 3' processing, namely the palindrome and the CAAGAAAGA consensus 
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Table 1. Histone mRNA and U-snRNA families 
Group Sequence Loci 
Histone mRNA sequence 
Vertebrates Human H4 Humh4 
Mouse H4 Mushist4 
Chicken HI Chkhlg 
Chicken H2A Chkh2a 
Chicken variant H2A Chkh2af 
Chicken H2B Chkh2ba 
Chicken H3 Chkh234g 
Chicken H4 Chkh43d8 
Chicken LH2A Chkh234g 
Chicken RH2A Chkh234g 
Chicken LH4 Chkh234g 
Chicken RH4 Chkh234g 
X. laevis HI Xenhlc2 
X. laevis HI Xenhlc8 
X. laevis H2A Xenhis2al 
X. laevis H2B Xenhis2bl 
X. laevis H3 Xenhis31b 
X. laevis H4 Xenhis4 
X. laevis H4 Xenhis41b 
Invertebrates Sea urchin HI Surhisesl 
Sea urchin H2A Surhises4 
Sea urchin H2A-I Surhis2al 
Sea urchin H2A-2 Surhis2a2 
Sea urchin H2A-3 Surhis2a3 
Sea urchin H2B Surhises3 
Sea urchin H2B-I Surhis2bl 
Sea urchin H2B-2 Surhis2b2 
Sea urchin H2B-2 Surhis2b3 
Sea urchin H3 Surhise3 
Sea urchin H3 Surbises3 
Sea urchin H3 Surhis134 
Sea urchin H4 Surhis134 
Sea urchin H4 Surhises2 
T. thermophila H4-1 Tthh4i 
Plant N. crassa H4 Neuh342 
Wheat H3 Whth3 
Wheat H4 Whth34091 
Yeast H2A-l Ysch2al 
Yeast H2A-2 Ysch2a2 
Yeast H2A-~t Ysphisaba 
Yeast H2B-ct Ysphisaba 
Yeast H2A-fl Ysphisab 
Yeast H3 copy-I Ysch34ci 
Yeast H3 copy-II Ysch34cii 
Yeast H4 copy-I Ysch34ci 
Yeast H4 copy-II Ysch34cii 
Yeast H4 Ysgh4 
U-snRNA sequence 
Vertebrates Human UI Humugl 
Human U2 Humug20 
Human U2 Humug2a 
Mouse U lb  Musuglb2 
Mouse UI Musugla 
Mouse U2 Musug2a 
Rat UI Ratugl2 
Rat U2 Ratug2a 
Chicken UI Chkulrna 
Chicken UI Chkug1521 
X. laevis U1 Xenugl 
X. laevis U2 Xenug2 
Invertebrates D. melanogaster U1 Drouglax 
D. melanogaster U1 Drouglbl  
D. melanogaster U2 Droug2a 
Sea urchin UI Suruglu 
Globin Human a 1 HUMHBARSA 
Human a2 HUMHBA4 
Human ~ HUMBAI 
Human fl HUMHBB 
Human 6 HUMHBB 
Human ~ HUMHBB 
Human 7-g HUMHBB 
Human 7-a HUMHBB 
Mouse ~t MUSHBA 
Mouse//  MUSHBBMAJ 
Mouse EMBRYONIC fl-H0 MUSHBBH0 
Mouse EMBRYONIC/ I -HI  MUSHBBH1 
Mouse EMBRYONIC Y2/~ MUSHBBY2E 
Rabbit/5-1 RABHBBIAI 
Rabbit/1-3 RABHBB3 
Goat adult a I GOTHBAI 
Chicken a-D CHKHBADAI  
Chicken a-A CHKHBADA2 
Chicken B CHKHBBCOM 
Chicken EMBRYONIC ~ CHKHBBRI  
Chicken EMBRYONIC p CHKHBBR2 
X. Laevis major/~ XELHBBC 
Span 
-54  to +100 
--60 to + 100 
--63 to +100 
--58 to +62 
--80 to +54 
-49  to + 100 
-75  to +100 
-80  to +26 
-64  to +100 
-64  to +100 
-68  to +100 
-67  to + 100 
- 60 to + 99 
--80 to +86 
-60  to + 100 
-57  to +20 
-47  to +31 
-52  to +44 
-51  to +45 
--51 to +8 
-54  to + 100 
-45  to + 1 
-39  to + l 
-42  to + l 
-45  to + 100 
--53 to +1 
--49 to +1 
--46 to + I 
--58 to +100 
--62 to +100 
--48 to +100 
--47 to +100 
--47 to +72 
--53 to +100 
--48 to +27 
- 80 to + 64 
--80 to +47 
--53 to +5 
-80  to +92 
-60to  +17 
-80  to +43 
-80  to + I00 
--59 to + 100 
-55  to +100 
--80 to +45 
- -64to  +1 
--53 to +81 
--80 to +81 
--80 to +81 
--80 to +81 
-80  to +71 
--80 to +35 
-79  to +48 
-80  to +81 
-80  to +81 
-80  to +81 
-80  to +81 
-80  to +28 
-80  to +81 
-80  to +81 
-80  to +24 
-80  to +81 
-80  to +81 
- I00  to +61 
- I00  to +61 
-100  to +62 
-100  to +61 
-100  to +66 
-100  to +61 
-87  to +80 
--87 to +80 
-100  to +72 
- -  100 to +62 
-100  to +60 
-100  to +63 
-90  to +80 
-92  to +80 
-92  to +37 
- 96 to + 69 
- 58 to +80 
-97  to +80 
- I00  to +80 
-48  to +80 
-51  to +80 
-100  to +59 
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Fig. 1. The average score of"opt imal" secondary structures 
in the region surrounding the 3' termini of historic mRNAs 
of 19 vertebrates species. (a) Window size = 16, random 
sample size = 80. (b) Window size--25, random sample 
size = 101). (c) Window size = 40, random sample size -- 120. 
The 3' termini sites are position 0, negative values are 
upstream and positive values are downstream from the 
3' ends. The score is plotted against he position of the first 
base in the overlapping segment along the sequence. The 
- 1.5 line indicates a critical score identifying a significant 
structural occurrence. Stacking energies are identical with 
those described by Salser [26] and the loop destabilizing 
energy data are taken from Cech et al. [27]. 
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Fig. 2. The average score of "optimal" secondary structures 
in the region surrounding the 3' termini of  15 species of 
invertebrate historic mRNA. (a) Window size = 16, random 
sample size--80. (b) Window size = 25, random sample 
size = 100. (c) Window size = 40, random sample size = 100 
(sea urchin H2A-2 and H2A-3 are not included in the 
statistical sample set, see Table 1). For further details ee the 
legend to Fig. 1. 
sequence, has evolved. The invertebrates behave similarly, although the minima exhibited in Figs 
2(a-c) are less striking than those displayed by the vertebrate histories. Analogous calculations 
carried out the 13 plant histones result in homogeneous curves with slight oscillation ear the 
random mean (not shown). The 12 vertebrate and 4 invertebrate U1- and U2-snRNAs display some 
minima t 30-50 nucleotides upstream of the mRNA 3' ends. Minima are observed at window sizes 
of 50 for the vertebrates (Fig. 3) and 30 and 50 for the invertebrates (Fig. 4). In Fig. 3 the minimum 
is less significant than in Fig. 4. 
The distribution of potentially significant secondary structures around the 3' ends of 22 globin 
pre-mRNAs is rather different from those of vertebrate and invertebrate histones and 16 
U-snRNAs. For the globin pre-mRNAs a minimum is located approximately at 44 (for a window 
size 30) or 36 bases (for a window size of 45) downstream from the polyadenylation site 
(see Fig. 5). 
DISCUSSION 
We have defined the significance of the score as the units of SD away from the mean random 
score. The score is dependent on the random sample size. Certainly the variation in the score 
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Fig. 3. The average score of "optimal" secondary structures in the region surrounding the 3' termini of 
U-snRNA of 12 species of vertebrates. Window size -- 50 and random sample size ffi 150. For further 
details see the legend to Fig. 1. 
decreases as the sample size increases. In order to get a score with a satisfactory precision under 
a reasonable amount of computation, it is important to select a suitable size of the random sample 
set. Experiments with numerous calculations have led to a standardized procedure. In general, the 
size of the random sample may be chosen between 2-4 times the size of the specific ovcrlapping 
segment. A test for human U2-snRNA [Fig. 6(a)] shows that there is no significant diffcrcncc 
among the four distribution curves even though the random sample sizes vary and are 120, 150, 
750 and 1500, with a window size of 30. Figure 6(b) with random sample sizes 150, 200, 1000 and 
2000 and a window size of 50 nucleotides shows a similar behavior. For a small window size the 
random sample size has been chosen to be 4 times the size of the window (e.g. a window size of 
25), and 2 times the window size for a large window (e.g. a window size of I00). 
In order to analyze the preferred size of the significant hairpin loop structures in the 3' regions 
of vertebrate histones, the distributions of the structures of human H4 histone have been computed 
for different window sizes. The relationships between the minimal scores in those distribution 
curves and the window size have been extracted and the results are shown in Fig. 7. As sccn clearly 
in this figure, a window size of 16 yields the lowest score. The minimal score curve indicates that 
the preferable structural size in the 3' region is 16 nucleotides. 
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Fig. 4. The average score of "optimal" secondary structures in the region surrounding the 3' termini of 
U-snRNA of four species of invertebrates. (a) Window size -- 30, random sample size ffi 120. (b) Window 
size ffi 50, random sample size ffi 150. For further details see the legend to Fig. 1. 
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Fig. 5. The average score of "optimal" secondary structures in the region surrounding the 3' termini of 
22 globin pre-mRNAs.  (a) Window size -- 30, random sample size = 80. (b) Window size = 45, random 
sample size = I00. For further details see the legend to Fig. I. 
In order  to further est imate the significance of  the score we checked the distr ibut ion o f  the SDs. 
At  every posit ion in the sequences the mean of  the SDs of  the random sequence segments and the 
frcc energies of  the actual  sequence segments arc analyzed statistical ly in a sample of  vertebrate 
histoncs. The mean free energies of  all vertebrate histoncs are -2 .91  for a window size o f  16, -4 .56  
for 25, -10 .79  for 40 and -20 .15  kcal /mol  for a window size o f  60. Similarly, the means o f  the 
SDs are 2.53, 2.58, 3.11 and 3.76 kcal /mol,  respectively, for the different window sizes. When the 
critical score is taken as - 1.5 (see Figs 1-5), the differences between the free energy of  the actual 
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Fig. 6. The score of "optimal" secondary structures in the region surrounding the 3' termini site of human 
U2-snRNA with different random sample~iims. (a) Window ~e ffi 30, random sample sizes: (i) RI ffi 120; 
(ii) 11.2 = 150; (iii) R3 ffi 750; (iv) R4 ffi 1500. (b) Window size = 50, random sample sizes: (i) R I  ffi 150; (ii) 
R2 = 200; (iii) R3 ffi 1000; (iv) R4 ffi 2000. For further details ee the legend to Fig. i. 
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Fig. 7. The minimum scores in the distributions of secondary structures in the mRNA around the 3' 
termini of human H4 histone with different window sizes. The random sample size is 3 times the window 
size which is < 70 bases, and 2 times the window size which is >i 70 bases. The increment ofwindow size 
is 2 bases for a window size of 10-80 and 3 bases for a window size of 83-116. The calculation and Monte 
Carlo simulation are repeated with increasing window sizes. 
sequence and the mean of the randomized sequence are less than -3.80, -3.87,  -4 .67 and -5 .64 
kcal/mol for the window sizes mentioned above. Obviously, the difference in the free energy is 
significant for a small size stem-loop stable structure. In this paper we have selected the - 1.5 score 
as the critical score to identify potentially significant distributions in the statistical analysis. 
Statistical analysis of structures around the 3' termini of U-snRNAs in vertebrates shows that 
there is no preferable structure in these regions. Thus, in general, secondary structures are probably 
not absolutely necessary for these molecules to be functional. Nevertheless, everal structures can 
occur in these regions (Fig. 4). It appears that the 3' terminal stem and loop of U2-snRNA is 
required [7] for accumulation of RNA with mature U2 Y end, but not for 3' end formation of 
pre-U2 RNA [3]. Our results are compatible with these suggestions. In addition, our results also 
show that the distributions of secondary structures in the regions surrounding the 3' termini of the 
invertebrate U1- and U2-snRNAs are different from those of the vertebrates. The curves of the 
U-snRNA of the invertebrates are similar to those of the histone mRNAs of both vertebrates and 
invertebrates. It is thus possible that the 3" ends of both U-snRNAs of invertebrates and histone 
mRNAs of vertebrates and invertebrates are generated by a similar RNA processing mechanism. 
Since, however, the invertebrates U-snRNA sample size is small, this result must be considered with 
caution until further data is available. 
As shown in Figs 1 and 2 there are some distinctly non-random stem-loop structures in the 
3' ends of vertebrates and invertebrates histone mRNAs. The common structures encompass about 
16-40 nucleotides. The 3' terminal RNA palindrome is an essential element directing 3' maturation 
of histone mRNAs from sea urchins to humans [4, 6, 23]. Like other eukaryotic mRNAs the 3' ends 
of histone mRNAs can be generated by RNA processing [4, 5] from large precursor molecules. 
About six nucleotides downstream of the 3' terminus of histone mRNA there is a CAAGAAAGA 
consensus equence. Georgiev and Birnstiel [23] have shown that this conserved sequence is part 
of an RNA processing signal. Although the RNA palindrome and the CAAGAAAGA sequence 
are separated, apparently both motifs have to be present in a defined topology for their interaction 
with the U7-RNA. Our results show that both of these motifs downstream from the 3' ends are 
involved in a common secondary structure in invertebrate and vertebrate histone mRNAs 
[Fig. l(c)]. 
In contrast o the histone mRNAs in vertebrates and invertebrates, the globin pre-mRNAs are 
always polyadenylated. The AAUAAA hexamer in the globin pre-mRNAs is an essential element 
for clevage/polyadenylation of mRNAs. Similarly, transcription termination and polyadenylation 
may also be coupled processes in yeast [24, 25]. Our results demonstrate that there are no 
consistently recurring secondary structures in the regions surrounding the 3' termini of yeast 
histone mRNAs. Yeast mRNAs and H5 histon¢ mRNAs of vertebrates are always polyadenylated 
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[10]. It thus appears that the 3' termini of yeast mRNAs  are generated by a different mechanism 
than that of most other histone mRNAs.  
For globin pre-mRNAs we have found that a weak conserved stem-loop structure recurs about 
36--44 nucleotides downstream from the poly(A) addit ion site. Several recent studies [13-19] have 
suggested that the sequence downstream of the polyadenylat ion site is important  for mRNA 3' end 
formation. All experimental data indicate that approx. 40 bases of sequence downstream of the 
conserved AAUAAA moti f  are necessary for efficient polyadenylation. The sequence downstream 
from the poly(A) addit ion site of globin pre-mRNAs is probably involved in a weak, conserved 
stem-loop structure. 
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